ABSTRACT: Molecular dynamics simulations were carried out to investigate the structure and stabilizing factors of aggregates of the nonionic form of the most common congener of monorhamnolipids, α-rhamnopyranosyl-β-hydroxydecanoyl-β-hydroxydecanoate (Rha-C10-C10), in water. Aggregates of size ranging from 5 to 810 monomers were observed in the simulation forming spherical and ellipsoidal structures, a torus-like structure, and a unilamellar vesicle. The effects of the hydrophobic chain conformation and alignment in the aggregate, role of monomer···monomer and monomer···water H-bonds, and conformations of monomers in the aggregate were studied in detail. The unilamellar vesicle is highly stable due to the presence of isolated water molecules inside the core adding to the binding energy. Dissociation of a monomer from a larger micellar aggregate is relatively easy compared to that from smaller aggregates as seen from potential of mean force calculations. This analysis also shows that monomers are held more strongly in aggregates of Rha-C10-C10 than the widely used surfactant sodium dodecyl sulfate. Comparisons between the aggregation behavior of nonionic and anionic forms of Rha-C10-C10 are presented.
INTRODUCTION
Surfactants are an important class of amphiphilic molecules which lower the surface tension between two phases by accumulating at the interface. Surfactants find application in many different fields ranging from cleaning to food-processing, enhanced oil recovery, and the pharmaceutical sector. A majority of the available surfactants today are derived from petrochemical sources 1 and are only partially or slowly biodegradable, and as such, they contribute to environmental pollution. These compounds are often toxic to the environment, and their use may lead to significant ecological problems, particularly in cleaning applications as these surfactants inevitably end up in the environment after use. 2, 3 The ecotoxicity, bioaccumulation, and biodegradability are therefore issues of increasing concern. Increasing environmental concern has led to a resurrection of industrial interest in biosurfactants, also known as surface-active agents of biological origin, due to their unique environmentally friendly properties and availability from renewable resources.
Biosurfactants have been studied by many research groups across the world, since the first biosurfactant "surfactin" was purified and characterized by Arima et al. in 1968 . 4 There are as many as 250 patents obtained on these biodegradable molecules. 5, 6 Biosurfactants are categorized by their chemical composition, molecular weight, physicochemical properties, mode of action, and microbial origin. 7 They are divided into low molecular mass biosurfactants, including glycolipids, phospholipids, and lipopeptides, and high molecular mass biosurfactants/bioemulsifiers containing amphipathic polysaccharides, proteins, lipopolysaccharides, lipoproteins, or complex mixtures of these biopolymers. 8−10 Low molecular mass biosurfactants are efficient in lowering surface and interfacial tension, whereas high molecular mass biosurfactants are more effective at stabilizing oil-in-water emulsions.
Among various categories of biosurfactants, the glycolipid biosurfactants "rhamnolipids" stand apart. 11 Rhamnolipid 12 is composed of a β-hydroxyalkanoyl-β-hydroxyalkanoic acid connected by the carboxyl end to a rhamnose sugar molecule. Rhamnolipids are produced by Pseudomonos aeruginosa and classified as monorhamnolipids (Scheme 1) and dirhamnolipids. Other Pseudomonos species that have been reported to produce rhamnolipids are Pseudomonos chlororaphis, Pseudomonos plantarii, Pseudomonos putida, and Pseudomonos fluorescens. Some strains are known to produce only monorhamnolipids, while most produce both. The ratio of mono-and dirhamnolipids can also be controlled in the production method.
In the past three decades, there has been a large body of research work produced related to rhamnolipids, revealing many of their applications and causing them to reach significant use among all the categories of biosurfactants in the global market. 13−16 Rhamnolipids are stable over a wide range of temperatures and pressures, are nontoxic, and are themselves biodegradable. They contain only the common elements of carbon, hydrogen, and oxygen. During biodegradation, rhamnolipids are broken down into rhamnose sugars and common fatty acids that are easily metabolized. Rhamnolipids as a natural product have numerous applications. (i) Agriculture and farming: as a wetting and dispersal agent for the application of agricultural fungicides and pesticides. (ii) Pharmaceutics: to heal bedsores that have failed to respond to traditional treatments, in wound and burn treatment 17 accelerating the healing process and reducing the associated scarring that occurs with other remedies, and fighting fungal and bacterial infections. (iii) Drug delivery: since rhamnolipids can be used to form liposomes, there are potential applications for drug delivery. (iv) Enhanced oil recovery: it is estimated that only 40% of an oil reservoir can be removed by simple pump and flooding methods. This is due to viscosity and adhering to the substrate in the reservoir. Tests indicate that the surfactant and emulsifying properties of rhamnolipids can be used to recover an additional 40% of the remaining oil in a well. 18 This enhanced oil recovery (EOR) facilitates the doubling of the petroleum recoverable from an oil well over traditional methods in a much more environmentally friendly manner. (v) Bioremediation: a process used to clean soil or groundwater contaminated by heavy metals or petroleum products into nonhazardous substances. Rhamnolipids have been documented to bind metal ions from contaminated sources. 19−22 This binding to monorhamnolipids, called complexation, is effective for a whole range of metals, including cadmium, lead, and zinc. It has been shown that the more toxic metals listed above have some of the highest affinities for complexation by rhamnolipids. 23 Metal chelators such as EDTA, which bind to metals in soil, although effective, have been found to be a persistent organic pollutant.
Despite the extensive experimental research and literature available on rhamnolipids, the amount of theoretical study on rhamnolipids is limited. There is no detailed structural information on the aggregation of rhamnolipids in bulk water or at interfaces. The need for computational studies on rhamnolipids is high for the following reasons: They are not a simple surfactant with a hydrophilic (head) and hydrophobic (tail) group. The headgroup is spread across the molecule, and they possess two alkyl chains. Their properties in water and at interfaces are completely different from those of well-known surfactants such as sodium dodecyl surfate (SDS). SDS dissolves in water and forms micelle of size ∼60 molecules, whereas rhamnolipids have no limitation in the size of aggregates that can be formed. They can form structures ranging from premicellar aggregates to micelles and lamellar vesicles. Therefore, structural insights will help promote understanding of their properties, and molecular dynamics (MD) simulation is an appropriate tool to address this issue.
In this study, an attempt has been made to predict the aggregation behavior and structural properties (i.e., micelle size, shape, and spatial distribution of different groups within the micelle and hydrophilic and hydrophobic interactions) of the most common monorhamnolipid congener, α-rhamnopyranosyl-β-hydroxydecanoyl-β-hydroxydecanoate ((R,R)-Rha-C10-C10), under conditions in which it exists in the nonionic form using MD simulations. It is well-known that the pK a of these rhamnolipids in aggregates is 5.5, which is around neutral, making many potential applications of these materials likely under conditions for which they are nonionic. 24 A combined experimental and computational study on the aggregation behavior of the anionic form has been submitted for publication in Langmuir. 25 The presence of charge on an atom in a molecule will not only affect the bonded atoms but also the interactions between them and with the surroundings. In this investigation, the aggregation behavior of the nonionic form is studied as an important comparison to understand the aggregate features. Extensive structural details on the premicelles, micelles, and lamellar vesicles are presented. The second goal of this study is to calculate the free energy of desorption of a surfactant monomer from the micelle, using MD simulations and potential of mean force (PMF) calculations along the surfactant escape coordinate using a weighted histogram analysis method (WHAM).
SIMULATION METHODS
2.1. Simulation of Rha−C10-C10 Aggregates. Force field parameters for Rha-C10-C10 were first generated with charge groups defined according to the functional groups present in the molecule. Parameters for Rha-C10-C10 were obtained from the CHARMM (Chemistry at Harvard Macromolecular Mechanics) General Force Field (version 2b8) 26 and optimized according to the CHARMM force field 27 parametrization procedure to better reproduce the properties of Rha-C10-C10 at a high level of ab initio calculations. To validate the force field parameters, MD simulations on Rha-C10-C10 at the air−water interface were carried out, and the predicted surface area per molecule is ∼92 Å 2 . The experimental surface area per molecule at the complete surface coverage is reported as ∼117 ± 12 Å 2 . 28 There is a good agreement between the experiment and calculations, which supports the performance of the force field.
An initial starting structure for the aggregate is needed. The initial coordinates of the simulation were obtained by randomly placing Rha-C10-C10 molecules in a cubical box using PACKMOL software. 29 These randomly distributed Rha-C10-C10 molecules were explicitly solvated using a cubic box of preequilibrated TIP3P water. 30 The size of the water box was chosen to be 10 × 10 × 10 nm 3 for aggregates ranging from N MD simulations were conducted with periodic boundary conditions using NAMD 2.9. 31 A direct cutoff for nonbonded interactions of 1 nm, a switch function starting at 0.8 nm for cutoff of van der Waals interactions, and particle mesh Ewald 32 for long-range electrostatics were applied. The SHAKE algorithm 33 was used to constrain all bonds involving hydrogen atoms, and a time step of 1 fs was used for the MD integration. The temperature and pressure were controlled respectively by the Langevin thermostat and the Nose−Hoover Langevin barostat 34, 35 as implemented in NAMD. The system was first energy minimized, then heated to 300 K, and finally equilibrated under constant 1 atm pressure and temperature. During minimization, heating, and equilibration, no constraints were applied. To avoid computationally expensive long relaxation times and large systems, a method of simulated annealing was employed. 36 The following protocol, used to obtain unbiased initial conformations, consists of a three-stage, simulated annealing: (i) temperature rise from 300 to 400 K in 200 ps, (ii) constant high-temperature equilibration at 400 K for 800 ps, and (iii) slow cooling back to 300 K in 1 ns.
MD simulations were employed to gain insight into the structural properties of aggregates formed from Rha-C10-C10 molecules. To elucidate the dynamic nature of the Rha-C10-C10 aggregates, we embarked on an MD investigation of micelle formation and structural evolution. Table 1 presents the list of systems studied in this work, comprising 5−810 molecules of the most common congener in the native Rha-C10-C10 mixture in its neutral state. The aggregate with 10 monomers is referred to as N10 for discussion, and this nomenclature is followed for all other aggregates. The aggregates were equilibrated with constant temperature molecular dynamics. The equilibrium condition is identified by stable total energy, temperature, and pressure. A production run was performed on the fully equilibrated system to analyze the properties of the aggregates formed.
2.2. Umbrella Sampling. The equilibrated configuration at the end of an NPT trajectory was used as the initial structure for a steered molecular dynamics (SMD) pulling simulation to generate the initial configurations for umbrella sampling within each window. The center of mass (COM) distances between each Rha-C10-C10 and the rest of the aggregate were calculated, and the Rha-C10-C10 molecule with the shortest COM distance from the rest of the aggregate was selected and then pulled relatively rapidly away from the aggregate over a 30 ps time scale using a spring constant of 7 kJ −1 nm −2 and a pulling rate of 0.002 nm ps
. This pulling was carried out to create a set of starting configurations for the umbrella sampling windows; snapshots were taken from this fast pulling trajectory with uniform spacing of windows. A total of 40 windows were used with a spacing of 0.06 nm COM separation between them. In each window, a 15 ns MD simulation was performed for umbrella sampling. A harmonic force with a force constant of 20 kcal mol −1 nm −2 was applied for each umbrella sampling window. To generate the PMFs, WHAM was used. 37 
RESULTS AND DISCUSSION
3.1. Aggregation Number. Table 2 presents the size of aggregates formed in all the systems starting from a random placement of molecules in the water box. It is interesting to note that Rha-C10-C10 can form aggregates of any size irrespective of the number of molecules present in the initial simulation. The smallest aggregates are formed with 5, 8, 10, and 16 molecules. The next largest aggregates are observed for 20, 25, and 30 molecules. It is interesting to see that an aggregation number close to ∼40 (40, 42, and 44) is observed in the simulations. We also observe that large aggregates of sizes 80 and 100 are formed. Figure 1 presents illustrative structures of the aggregates observed in the simulation. It is evident from the cross-sectional The Journal of Physical Chemistry B Article view of the aggregates that N5 to ∼N40 have a hydrophobic density free from any hydrophilic atoms or water. However, the cross-section of N80 shows the presence of hydrophilic parts buried inside the hydrophobic density. This is also true in the case of N100. This indicates that these aggregates are not a simple aggregate where a hydrophobic core is enclosed by hydrophilic moieties. To make sure that this observation is not an accident, we simulated 4 different systems with 100 monomers distributed randomly. We made sure that the random distribution of the monomers is entirely different in all four cases, ranging from close placement to distant placement. Figure 2 presents the N100 aggregate structures along with their cross-sections. It is possible to see that these aggregates are a collective of multiple aggregates. The system where the monomers were placed farther apart, panel iv in Figure 2 , results in two aggregates. Simulation of these aggregates for longer times does not help in bringing all the hydrophobic parts together. Even after 60 ns of simulation, hydrophilic regions were still observed between the hydrophobic density. These results on aggregates N5 to N100 show that Rha-C10-C10 does not form simple, stable micellar aggregates larger than ∼N40. Free energy perturbation calculation results showed that formation of N60 from N40 + N20 is not favorable. The details and results of the FEP calculations are provided in the Supporting Information. It is important to mention here that results on the anionic Rha-C10-C10 aggregates in water showed that aggregates larger than N40 form elliptical and tubular structures. 25 MD simulations on the large number of anionic Rha-C10-C10 monomers showed that smaller aggregates are formed at first, and then simulation for a longer 3.2. Aggregate Size and Shape. The aggregates presented in Figure 1 are highly dynamic, although this is not easily pictured by visualization of various frames along the trajectory. Therefore, we used well-known working equations to understand the size and shape of these aggregates. A characteristic measurement of the micelle size is its radius, r m . The radius of the micelle can be calculated using the following two equations:
where R g is the radius of gyration and ⟨r⟩ is the mean distance of the heavy atoms (r i ) from the micelle COM. R g is defined as the root-mean-square distance of the object's components from its center of mass. Figure 3 presents the calculated r m (with error bars) for all the single aggregates (anionic and nonionic) observed in the study. These data show that the smaller The Journal of Physical Chemistry B Article aggregates have a radius of <1.5 nm. Aggregates of size N20 to ∼N40 have radii between 1.5 and 2.2 nm. It is interesting to see that the aggregate sizes presented in this work are similar to the sizes of the aggregates formed of anionic Rha-C10-C10. 25 It is very clear from the figure that nonionic Rha-C10-C10 does not form micellar aggregates larger than ∼N40 whereas anionic Rha-C10-C10 can form micellar aggregates larger than ∼N40. It should be noted that these radii are average values of all the structures along the trajectory. Hence, these data alone cannot categorize these aggregates as spherical, ellipsoidal, or cylindrical.
The shape of the aggregate can be characterized by examining the eccentricity (e), defined as where I min is the moment of inertia along the x-, y-, or z-axis with the smallest magnitude and I av is the average of all three moments of inertia. Figure 4 shows the eccentricity as a function of the population for the aggregates. For a spherical object, the value of e is 0, so deviation from sphericity can be quantified by examining the eccentricity in addition to visual inspection of system snapshots. It is evident from the figure that the eccentricity distribution of the smaller aggregates, N5 and N8, is really wide and the shape is highly undefined. The eccentricity distribution of N10 and N16 shows that they have wider peaks close to e = 0.2, but narrower than those of N5 and N8. It is interesting to see that the aggregate N20 is nearly spherical with e = 0.1. N25 and N30 have peaks sharper than those of smaller aggregates but are ellipsoids. The aggregates of size ∼N40 have eccentricity distributions that have sharp peaks indicating the higher stability and are more ellipsoidal. This indicates the aggregates presented in this section are more spherical for N20 and slowly deviate to ellipsoids with increasing aggregation number. On the other hand, anionic Rha-C10-C10 aggregates form tubular structures in addition to spherical and ellipsoidal aggregates as seen from the eccentricity data. 25 3.3. Spatial Distributions of Chemical Groups. In this section, we study the distributions of the alkyl chains, rhamnose ring, and water molecules from the COM of the aggregates. The purpose of this analysis is to identify the dynamic stability of the aggregates in water on the basis of the hydrophobic core present in them. We take into consideration the fact that, for a surfactant with an alkyl chain, the radius of the spherical hydrophobic core cannot exceed the length (l) of the chain. There are two alkyl chains in the Rha-C10-C10 molecule, and the effective length of an alkyl chain is only seven carbons (Scheme 1). The length of a seven-carbon chain in an all-trans conformation is ∼7.6 Å. Figure 5 presents the radial density plots constructed by calculating the distance of atoms (representing a group) from the aggregate's COM and counting the number of atoms in 0.1 unit wide shells around the COM. The hydrophobic core of the aggregate should be completely free from water and hydrophilic atoms. It is evident from the figure that N10 has a hydrophobic radius of ∼6 Å. It is not a stable aggregate, which was also supported by the eccentricity results. Although 10 monomers of Rha-C10-C10 can stay together in water, the resulting hydrophobic core is too weak to stabilize it, which is why this aggregate is highly dynamic. It is interesting to see that the hydrophobic radius of N20 and N25 is ∼7−8 Å, which is the same as the length of the alkyl chain; therefore, it is a stable aggregate. N16 is an aggregate where a transition can be achieved in terms of stability with addition of a few monomers, as seen from the radius of the hydrophobic core close to the ∼7 Å mark. It is important to mention here that similar results were predicted for the anionic Rha-C10-C10 aggregates. 25 Smaller aggregates of anionic Rha-C10-C10 are highly dynamic, and the radial water density plot clearly shows the existence of water molecules around ∼5 Å from the COM of the aggregate. The water density appears around 7−8 Å for the aggregates N20 and larger. This shows that anionic and nonionic Rha-C10-C10 aggregates are similar in size, shape, and spatial distribution of atoms in the aggregates.
3.4. Accessible Surface Area. The structural properties of an aggregate can be analyzed by quantifying the accessible surface area (ASA). The method of Lee and Richards 38 was used to determine the SA of the aggregate available for interaction with water. In this technique, all of the water molecules are removed from the system and a probe molecule is rolled across the surface of the aggregate. The contact area is summed to quantify the total accessible area. A 1.6 Å theoretical probe was utilized to mimic a water molecule. With this method, it is also possible to separate the contact area contribution from the hydrophilic group and the hydrophobic group. The results of this analysis for anionic and nonionic forms are presented in Figure 6 . It could be seen from the figure that aggregates of both forms of Rha-C10-C10 have identical ASA per monomer values. For the stable aggregates N20 to ∼N40, the SA of the hydrophilic group exposed to 
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Article water is more abundant than that of the hydrophobic groups, indicating very little of the hydrophobic core is exposed to water. In the case of smaller aggregates N5, N8, N10, and N16, it can be seen that the ASA of the hydrophobic group exposed to water is comparatively greater. This shows that smaller aggregates are loosely packed and their hydrophobic parts are easily accessible to water. It should be noted that the ASA per monomer decreases with increasing size of the aggregate. This is likely due to a closer packing of the Rha-C10-C10 hydrophilic parts with increasing aggregation size. A similar result is obtained for the anionic form of Rha-C10-C10, with the ASA per monomer for aggregates larger than N20 dropping below 1 nm 2 , and the premicellar aggregates have hydrophobic parts more exposed to water than micellar aggregates. 25 3.5. Hydrophobic Chain Conformation. The structure of Rha-C10-C10 as a surfactant is complicated with hydrophilic atoms spread across the molecule and by the fact that there are two hydrophobic chains. To understand the role of the hydrophobic chain conformation in the formation of aggregates, the average distance between the terminal carbon atom (C10) and the sixth carbon from it (C4, Scheme 1) was calculated for both alkyl chains along the trajectory. It should be noted that the effective length of an alkyl chain in Rha-C10-C10 is only seven carbons. For smaller aggregates, due to the hydrophobic effect, hydrocarbon chains fold to reduce interaction with water. As the aggregate size increases, the hydrocarbon chains do not fold, as they are kept away from water molecules by the hydrophilic exterior. The average chain length is ∼6.8 Å, and this value is slightly less than the 7.6 Å calculated for a linear alkane of the same length (Scheme 1) in an all-trans conformation, suggesting some slight twisting along the chain axis. Further scrutiny of the results was made in the following way: The chain lengths are calculated and categorized into four groups, as bent (l < 5 Å), normal (l > 7 Å), and two intermediates (l = 5−6 Å, l = 6−7 Å). This classification is an attempt to understand the role of the chain conformation in the formation of the aggregate. The plot presented in Figure 7 shows that the percentage of fully "bent" chains is minimal in all the aggregates. A vast majority of the chains are in the "intermediate" state, l = 6−7 Å. A closer look at the distribution (Figure 7c) shows that the percentage of "normal" chains increases largely due to the decrease in the "intermediate" chain population as the aggregate size increases. Although the variation is only 5%, it is evident that the chains are more extended in larger aggregates than the smaller ones.
3.6. Headgroup Conformation. The Rha-C10-C10 molecule has polar carboxylic, hydroxyl, and ester groups that have a tendency to form intramolecular H-bonds. The intramolecular H-bonding distances between the carboxylic acid group and the rhamnose ring were calculated to understand the conformations of the headgroups in the aggregates. All possible intramolecular H-bonds as depicted in Scheme 2 were calculated by measuring the distance between the electronegative (oxygen) atoms. The shortest value among all possible interactions is chosen for an observed conformation and plotted for analysis. These H-bonds are denoted as d O···O for the discussion. Here we have classified the conformations of 3.7. Contribution of H-Bonding to the stability. To understand the role of H-bonding in the stability of the aggregates, we analyzed all the possible H-bonds present in the system. We considered two types of H-bonds for discussion: (i) (Rha-C10-C10)···(Rha−C10-C10) refers to H-bonding between monomers constituting the aggregate; (ii) (Rha-C10-C10)···water refers to H-bonding between monomers and the water molecules. H-bonds were identified using the cutoff conditions that H-bond distances between electronegative atoms are ≤3.0 Å and H-bond O−O−H angles are ≤20°. It is clear from Figure 9 that the number of (Rha-C10-C10)··· (Rha-C10-C10) H-bonds is very small for the nonionic form. There is 0.3 H-bond per monomer for the aggregate ∼N40. Although there is a slight increase in H-bonding with aggregate size, it is not significant. The (Rha-C10-C10)···water H-bond results predict that each monomer forms H-bonds with approximately three water molecules. These results clearly show that the formation and stability of the nonionic Rha-C10-C10 aggregates of size N5 to ∼N40 do not come from (Rha-C10-C10)···(Rha-C10-C10) H-bonds. Considering the fact that the effective alkyl chain length is only seven carbons, one would expect an extra stabilization in the form of a (Rha-C10- The Journal of Physical Chemistry B Article C10)···(Rha-C10-C10) H-bonding network would be necessary to stabilize the aggregate formation in addition to the hydrophobic effect. However, this is not the case here, and the majority of the stability within the aggregates is expected from hydrophobic chain interactions. This could be one of the reasons for not observing micellar aggregates larger than ∼N40. It is evident from the figure that the anionic Rha-C10-C10 aggregates differ from nonionic Rha-C10-C10 aggregates with respect to the H-bonding. The anionic Rha-C10-C10 molecule makes the H-bonding present in these aggregates much stronger (gas-phase density functional theory (DFT) calculations show a 4-fold increase in strength for O − ···H−O compared to O···H−O interactions). 25, 39 This is evident from the (Rha-C10-C10)···(Rha-C10-C10) H-bonds per monomer values, ∼0.5 for N20 and ∼1 for N40. Also there is 3-fold increase in water molecules forming H-bonds with the surfactant. This is the major reason for observing micellar aggregates larger than ∼N40 in the anionic Rha-C10-C10.
3.8. Alignment of the Alkyl Chains. It is evident from the previous section that the stability of Rha-C10-C10 aggregates N5 to N40 in water is largely due to hydrophobic interactions. The presence of two alkyl chains makes the Rha-C10-C10 molecule interesting in terms of hydrophobic density, so the alignment of the two chains in the aggregate is important. Thus, we studied the distribution of the alignment of the alkyl chains in the aggregates. The alkyl chains of Rha-C10-C10 are held static at one end and are free to move on the other end (Scheme 1). It is not straightforward to understand the alignment of the chains in all of the molecules in the aggregate for the entire trajectory. Therefore, we used the distance between two carbon atoms, one from each chain, as a proxy for this property of alignment. Figure 10b presents the structure of monomers with varying alignment of the alkyl chains based on the distance d C10···C10 . It is clear from the figure that alignment of the alkyl chains in a molecule is broadly distributed. In Figure 10a we present the population of C···C distances d C10···C10 , d C8···C8 , and d C6···C6 . It is seen from the plot that the major population of monomers have alkyl chains that are closer to each other by ∼6 Å, which could be treated as parallel. A smaller population of monomers have chains that deviate significantly from parallel. Therefore, the aggregates have a combination of parallel and unparallel alignment of alkyl chains.
3.9. Unilamellar Vesicle and Torus Aggregate. The absence of micellar aggregates bigger than ∼N40 created an interest to study larger aggregates. In this regard, we studied a torus-like aggregate and a unilamellar vesicle (ULV) of Rha-C10-C10. ULVs are of great practical interest due to their potential use in nano-and biotechnology for encapsulation and delivery of drug molecules. From a fundamental point of view, ULVs are thought to be an idealistic representation of a cell membrane. As a result, extensive studies have been carried out to describe their structures in equilibrium. Rhamnolipids are known to form liposomes, which are referred to as open or closed vesicles. We have performed MD simulations on a toruslike aggregate with 285 monomers and a ULV with 810 The Journal of Physical Chemistry B Article monomers. The process of formation of ULVs usually involves different stages with certain rate-limiting steps, creating kinetics spanning from milliseconds to days, depending on the type of surfactant employed and the type of transformation taking place. The limitation associated with the size of the simulation system, a larger time scale, led us to create a preassembled torus-like aggregate and a ULV. We used PACKMOL software to generate the starting structure and a larger simulation water box (15 × 15 × 15 nm 3 ) for solvation. The representative snapshots of N285 and N810 are shown in Figure 11 . A crosssection of the ULV is also shown in the figure to show the presence of water molecules inside the ULV. The calculated radius of the ULV is 6 nm. It is highly stable and spherical in shape as seen from the sharp peak of the eccentricity distribution near e = 0.1 shown in Figure 11e . The inner core of the ULV holds ∼2500 water molecules isolated from the rest of the bulk water. These water molecules could be used to solvate hydrophilic drug molecules for drug delivery applications. The intramolecular H-bonding between monomers present in the ULV is calculated as 0.4 per monomer. This result shows that H-bonds between monomers of the aggregate do not contribute significantly to the stabilization of the aggregate as observed in the case of N5 to ∼N40 aggregates. The H-bonding interaction of the ULV with water shows that there are 2.2 water molecules H-bonded to a monomer. The tight packing of the hydrophilic parts of the monomers in the ULV makes way for fewer water molecules to interact with them than in loosely packed smaller aggregates. These results The Journal of Physical Chemistry B Article show the stabilization of the ULV might be due to isolated water molecules in the core holding the entire structure together and the hydrophobic interactions. The thickness of the hydrophobic region is measured by plotting the water density, radially from the COM of the ULV. Figure 11f shows that the average thickness of the hydrophobic bilayer is ∼16 Å, which is roughly twice the length of the seven-carbon alkane. We conclude, therefore, that the higher stability of the ULV comes from two factors: (i) the water buried inside the core of the ULV and (ii) the thick hydrophobic bilayer.
3.10. Energetics of Monomer Removal. Micelles are often drawn as static spherical structures of oriented surfactant molecules. However, they are in dynamic equilibrium with individual surfactant molecules that are constantly being exchanged with the bulk water. They also continuously disintegrate and re-form themselves. Two relaxation processes are believed to be involved with surfactants in solutions. First is the fast relaxation time which is associated with the fast exchange of monomers between aggregates and the surrounding medium. The second relaxation time is attributed to aggregate formation and the dissolution process. These relaxation kinetics are important to several interfacial processes, such as foaming, antifoaming, wetting, emulsification, solubilization, and detergency. 40, 41 In this section, we calculate the free energy of desorption of a monomer from an aggregate using umbrella sampling 42 and WHAM. A single Rha-C10-C10 molecule is pulled away from the rest of the aggregate, and the associated PMF is calculated during this process. The PMFs calculated using an in-house WHAM code are shown in Figure 12a for aggregates N30 and N40. It is interesting to see that the minimum of the PMF occurs at r ≈ 15 Å for N30 and r ≈ 18 Å for N40. These values are comparable to the calculated R g values of the aggregates, 14.0 Å for N30 and 16.6 Å for N40, and they are the most probable locations for a monomer in the aggregates. It is possible to see from the figure that above R ≈ 27 Å and R ≈ 32 Å, the PMFs are flat with an increasing value of R. This shows that the monomer that just escaped from the aggregate is unstable until it merges into another aggregate close by. Parts b and c of Figure 12 present the corresponding structures showing the monomer just about to leave the aggregate. The heights of the PMF at these escape points are ∼8 and ∼6 kcal/ mol for N30 and N40, respectively. This indicates that larger aggregates more easily allow monomers to dissociate into the bulk solution, whereas it is relatively difficult to pluck a monomer from the smaller aggregates. It should be noted that the PMF values reported here are larger than those reported for removal of an SDS monomer from an aggregate (∼5 kcal/mol for an optimal aggregation size of 60 monomers). 43, 44 The structural differences between SDS and Rha-C10-C10 support this observation. The headgroup in SDS, −OSO 3 − , is small, and the negative charge is delocalized between the three oxygens. There exists a repulsive interaction between the headgroups which supports the expulsion of a monomer from the aggregate. On the other hand, the Rha-C10-C10 headgroup is spread across the molecule, and a H-bonding interaction is possible between the monomers, which acts against the removal of a monomer. It is also important to mention here that the presence of two alkyl chains in Rha-C10-C10, although shorter than the single alkyl chain in SDS, makes it harder to pull a monomer from an aggregate in the former rather than the latter.
CONCLUSIONS
Molecular dynamics simulations were carried out on a series of systems containing nonionic Rha-C10-C10 of size 5−810 molecules. The results of the present study were compared with those of the anionic Rha-C10-C10 to understand the aggregation properties arising from structural differences. The following are the salient features that emerge from the current study: (1) Nonionic Rha-C10-C10 can form aggregates of size as small as 5 molecules to a very large number in shape ranging from spherical to ellipsoidal, torus-like, and unilamellar vesicle. The Journal of Physical Chemistry B Article A critical analysis of these aggregates shows that the aggregation number does not exceed ∼40 for micellar aggregates, i.e., a single hydrophobic core surrounded by hydrophilic headgroups. Anionic Rha-C10-C10 can form micellar aggregates larger than ∼N40. (2) The eccentricity study shows that the shape of the nonionic Rha-C10-C10 aggregates changes from spherical to ellipsoidal with increasing aggregation number. Anionic Rha-C10-C10 can form long tubular structures in addition to spherical and ellipsoidal structures. (6) Anionic (Rha-C10-C10)···(Rha-C10-C10) H-bonding interaction is much stronger than nonionic (Rha-C10-C10)···(Rha-C10-C10) H-bonding. As a result, the H-bonding interaction between nonionic (Rha-C10-C10)···(Rha-C10-C10) does not contribute significantly to the stability of the aggregate. (7) The H-bonding interaction of the monomers and water ((Rha-C10-C10)···water) in the anionic and nonionic forms shows that a monomer interacts with ∼9 and ∼3 water molecules, respectively. (8) A lack of (Rha-C10-C10)···(Rha-C10-C10) H-bonding and the effective alkyl chain length being shorter restrict the population of micellar structures larger than ∼N40. Stronger anionic (Rha-C10-C10)···(Rha-C10-C10) H-bonding supports the formation of micellar structures larger than ∼N40 despite the shorter alkyl chain. (9) The torus-like aggregate and unilamellar vesicles are highly stable with a strong hydrophobic bilayer. ULVs have additional stability from the constrained water molecules present inside them. (10) Umbrella sampling calculations show that larger aggregates more easily exchange monomers with the bulk than smaller aggregates. These extensive structural analyses of the Rha-C10-C10 aggregates in water show how different and complicated they are compared to the simplest surfactants such as SDS with a compact headgroup and a single-chain tail. The structures of Rha-C10-C10 are responsible for the range of aggregates that can be formed in water. Several structural factors act together to give Rha-C10-C10 these unique properties.
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